The present study assessed the export of inorganic carbon, nitrogen, and phosphorus within a large agricultural basin in arid northwestern China. Groundwater of various depths and river water along a 160 km reach were sampled during contrasting flow conditions. Dissolved inorganic carbon (DIC) concentrations and δ 13 C-DIC values indicate that lithogenic carbonate weathering was the main source of DIC in the basin. Discharge played an important role in regulating the amount and flowpath of nutrients mobilized from soils to the river. Ammonium was mobilized mostly by storm flows whereas the other nutrients were exported through both storm and groundwater flows. Hydrological events, occurring on only about 10% of the days for a year, were responsible for more than 40% of annual nutrient exports. Shallow groundwater was an important source of DIC and nitrate in river water within the alluvial plain, where groundwater discharges regulated their longitudinal variability along the river. According to a mixing model using δ 13 C-DIC and chloride, groundwater comprised 9-34% and 39-60% of river water at high discharge and baseflow, respectively. Together, our data highlight the importance of reducing storm runoffs and monitoring nutrient pollution within this large basin.
Introduction
Understanding the timing, magnitude, and pathway of C, N, and P nutrients exported from watersheds to receiving streams and rivers is essential for developing sustainable management practices in agricultural basins. Dissolved inorganic carbon (DIC) is the most abundant carbon pool in many inland waterways and aquifers, being actively incorporated into aquatic food webs and playing an important part in regulating carbon fluxes between terrestrial, aquatic, and atmospheric reservoirs [1, 2] . Inorganic N and P are important regulators of water and ecosystem integrity, controlling biomass abundance and biological community structures of aquatic environments [3] . Establishing a thorough understanding of nutrient fluxes linking terrestrial and aquatic systems is particularly important in large arid basins, where scarce water resources require managers to balance the needs of agricultural use versus ecosystem conservation [2, 4, 5] . To date, most studies on this topic have been conducted in small, humid watersheds [2, [6] [7] [8] . Fewer studies were performed in large agricultural basins where fertilizer use and irrigation have substantial impacts on watershed-scale nutrient dynamics [1, 2, 5, 9] . Furthermore, hydrological regimes play a pivotal role in nutrient exports. Subsurface and return flows dominate storm runoff and move nutrients from deep soils in humid watersheds. By comparison, prolonged drought periods and flashy storm events tend to activate overland flows that transmit nutrients from shallow soils under arid climate conditions.
The objective of the present study is to assess watershed exports of dissolved inorganic nutrients in a large arid basin in relation to hydrological and agricultural drivers. Our study site is the Heihe River Basin (HRB), the second largest inland river basin in China situated in the arid northwestern region. Despite water scarcity, the middle HRB supports a population of over 2 million that heavily depends on irrigated agriculture. As such, irrigation practices including diverting water from the river and pumping groundwater from aquifers, have led to basin-wide alterations in hydrological processes [10, 11] . However, few data are available on how these changes impact biogeochemical processes. To date, no studies have evaluated watershed exports of C, N, and P nutrients in this economically and environmentally important basin.
In the HRB, soil nutrients have increased over the past few decades due to intensive uses of agricultural fertilizers [12, 13] . The complex hydrological processes in the basin, however, is another important factor mediating watershed-river nutrient connectivity. The precipitation is usually low (approximately 140 mm) and concentrated in two to three months per year [14] . In the middle basin, river water-groundwater interactions are prevalent, characterized by high longitudinal and seasonal variability [15] [16] [17] [18] . Based on these characteristics, we hypothesize that: (1) nutrient exports occur in an episodic, flashy fashion driven by short-lived storm events that mobilize nutrients accumulating in topsoils; and (2) an important portion of nutrients derived from topsoils have been transported downward by irrigation flows and built up in shallow aquifers during prolonged drought periods. Our results offer insights into nutrient dynamics in many large agricultural basins in arid regions. These basins share similar hydrological characteristics (e.g., originating from mountain snowmelt and influenced by flashy, short-termed storms) and human interventions (e.g., irrigated agriculture), such as the Murray River Basin (Australia), the Colorado River Basin (USA), and the Carson River Basin (USA).
Materials and Methods

Study Sites
The Heihe River has a total length of more than 800 km with a total drainage area of 128,610 km 2 . It originates from the Qilian Mountains in the upper basin, flowing into the middle basin from Yingluoxia and the lower Gobi deserts from Zhengyixia ( Figure 1 ). Picea crassifolia forests are prevalent below 3000 m in the Qilian Mountains. The middle river basin begins from the mountain exit at Yingluoxia (Figure 1a ), comprising part of Hexi Corridor, and it is characterized by a landscape alternating primarily between Gobi-deserts and oases used for growing crops. The mean annual precipitation and evapotranspiration in the middle basin average approximately 140 mm and 2100 mm, respectively. Rainfall occurs mostly from June to August, accounting for 65% of annual precipitation [4] . The middle basin is underlain by Quaternary sediments. It includes the alluvial fan in the mountain front area (i.e., from the mountain exit Yingluoxia to the Zhangye City), varying between 1450 m and 1700 m in elevation, and the alluvial plain (i.e., from Gaoya and ends at Gaotai), varying from 1350 m to 1450 m (Figure 1b) . The aquifer is a single, thick, coarse sandy gravel layer in the alluvial fan and gradually transforms to multiple layers composed of sandy gravels and clayey soils in the alluvial plain [18] . The groundwater table shows a dramatic shift in depths from more than 200 m below the surface at the mountain front (i.e., the starting point of the alluvial fan) to less than 20 m in the alluvial plain near the Zhangye City. 
Sample Collection
We sampled at 20 stations along the main stem of the middle Heihe River for a total length of 160 km during high discharge (9-20 July 2013) and baseflow conditions (19-21 October 2013) . River discharge data were continuously monitored at two gauging stations located at the Railway Bridge Station and the Ban Bridge Station, respectively ( Figure 2 ) (see Figure 1a for the location of the gauging stations) [11] . Nine groundwater samples were collected in July from wells scattered in the middle basin (Figure 1a) , with the sampling depths ranging between 20 m and 280 m. During sample collection, environmental parameters including water and air temperatures, pH, and conductivity were measured in situ using a portable water quality meter (multi 350i, WTW, Weilheim, Germany). In the field, samples were collected in duplicate and filtered through precombusted GF/F glass fiber filters (Whatman 142 mm diameter, 0.7 μm pore size) and placed on an aluminum filter holder (Geotech, Moscow, Russia). Between different sampling stations, filter devices were extensively washed using Milli-Q water. Samples for nutrient and anion measurements were stored frozen in the dark in 30 mL pre-cleaned high-density polyethylene (HDPE) bottles (soaked in 10% HCl solution for 24 h and thoroughly rinsed with Milli-Q water for nutrient bottles and soaked in Milli-Q water for 72 h for anion bottles). Samples for cation analysis were acidified with concentrated nitric acid to 2% by volume and stored at 4 °C in the dark in the same acid-washed HDPE bottles. For DIC concentration and carbon isotope (δ 13 C-DIC) analysis, water was stored in 15 mL airtight serum glass bottles (rinsed with Milli-Q water and combusted at 525 °C for 5 h) in the dark at room temperature prior to the analysis, which occurred within two weeks. 
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Sample Measurement and Data Analysis
DIC concentrations and δ 13 C-DIC: Samples were measured using a Gasbenchll interfaced to a Finnigan Delta V Advantage isotope ratio mass spectrometer (IRMS) using the Pee Dee Belemnite (PDB) standard at the Third Institute of Oceanography, State Oceanic Administration. All δ 13 C values are reported relative to PDB in standard notation as δ 13 C = [(Rsample/Rstandard) − 1] × 1000, where R is 13 C/ 12 C. The relative standard deviation (RSD) of DIC concentrations is within 0.8% while RSDs of δ 13 C-DIC are <0.5%.
Inorganic N and P nutrient concentrations: Nitrate + nitrite (NOx − ), ammonium, and orthophosphate were analyzed on a Kalar San + continuous flow autoanalyzer with wet chemistry modules and standard colorimetric techniques, following the US Environmental Protection Agency (EPA) test methods (method 353.2 for NO2 − and NO3 − , 350.1 for NH4 + , and 365.3 for orthophosphate). Sample runs used a five-point standard curve and were corrected for baseline drift. The SD for duplicate bottles was <56.6 μM for NOx − (NO3 − + NO2 − ), <0.8 μM for ammonium, and <0.7 μM for orthophosphate.
Cation and anion concentrations: Cation concentrations including Ca 2+ and Mg 2+ were analyzed on an M410 flame photometer (Sherwood, UK). The concentrations of HCO3 − and Cl − were measured using the methods of alkalinity titration and potentiometric titration [19] , respectively. The duplicate samples were run on a regular basis, yielding RSDs less than 3%.
Statistics analysis: Statistical analysis was conducted using SPSS 19.0 (Statistical Product and Service 19.0), and the level of significance, α, was set as 0.05. Because not all our data were normally distributed (Shapiro-Wilk tests, p = 0-0.99), non-parametric tests were employed. The Kendall's coefficient of rank correlation test was performed to evaluate relations between different variables, and the Mann-Whitney U test (two-tailed) was used to compare values between different groups. The associated coefficient τ, p values, and df (degree of freedom) were reported.
Results
Dissolved inorganic carbon:
In the Heihe River, the DIC concentrations fluctuated from 3.5 mM to 5.5 mM and the HCO3 − concentrations ranged between 1.1 mM and 3.1 mM. The δ 13 C-DIC values of river water fell in the range between −6.5‰ and −1.8‰ (Figure 3 ). Relative to the river water, the shallow groundwater (<50 m) had higher DIC concentrations (15.5 ± 4.3 mM) and more depleted δ 13 C-DIC values (−9.3 ± 1.2‰) (Figure 3 ). The concentrations and δ 13 C values of riverine DIC did not differ as a function of discharge. At high discharge, river water DIC concentrations averaged 4.4 ± 0.5 mM (mean ± SD) and the δ 13 C-DIC values were −4.1 ± 0.9‰, comparable to those values at baseflow: DIC = 4.7 ± 0.4 mM and δ 13 C-DIC = −5.4 ± 1.2‰ (Figure 4a,b) . There was an evident change in both DIC concentrations and δ 13 C-DIC values at the alluvial fan-alluvial plain boundary (Figure 4a,b) . 
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Results
Dissolved inorganic carbon:
In the Heihe River, the DIC concentrations fluctuated from 3.5 mM to 5.5 mM and the HCO 3 − concentrations ranged between 1.1 mM and 3.1 mM. The δ 13 C-DIC values of river water fell in the range between −6.5‰ and −1.8‰ ( Figure 3 ). Relative to the river water, the shallow groundwater (<50 m) had higher DIC concentrations (15.5 ± 4.3 mM) and more depleted Dissolved inorganic N and P: NO x − (NO 3 − + NO 2 − ) was the principal form of inorganic nutrients for both groundwater and river water, showing values greater than ammonium and orthophosphate by up to three orders of magnitude (Figure 5a,b) . The concentrations of inorganic N and P nutrients in river water varied as a function of river discharge. NO x − and orthophosphate concentrations were significantly higher at baseflow (NO x − : 95.9 ± 9.1 µM; orthophosphate: 2.4 ± 0.5 µM) than those at high discharge (NO x − : 71.6 ± 16.9 µM; orthophosphate: 0.9 ± 0.2 µM) (Mann-Whitney U: p < 0.001) (Figure 5a,b) . In contrast, NH 4 + concentrations were higher at high discharge (NH 4 + : 3.1 ± 2.0 µM) than baseflow (NH 4 + : 0.6 ± 1.1 µM). Similar to the longitudinal pattern of DIC, river water NO x − levels showed an apparent increase when entering the alluvial plain (from 40.3 µM to 57.0 µM at high discharge and from 75.8 µM to 99.7 µM at baseflow) (Figure 4c ). In comparison with river water, groundwater had significantly higher NO x − values, especially within the shallow aquifer (Figure 5a ).
Two extremely high NO x − values (708.2 µM and 734.5 µM) were observed in shallow groundwater.
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Dissolved inorganic N and P: NOx − (NO3 − + NO2 − ) was the principal form of inorganic nutrients for both groundwater and river water, showing values greater than ammonium and orthophosphate by up to three orders of magnitude (Figure 5a,b) . The concentrations of inorganic N and P nutrients in river water varied as a function of river discharge. NOx − and orthophosphate concentrations were significantly higher at baseflow (NOx − : 95.9 ± 9.1 μM; orthophosphate: 2.4 ± 0.5 μM) than those at high discharge (NOx − : 71.6 ± 16.9 μM; orthophosphate: 0.9 ± 0.2 μM) (Mann-Whitney U: p < 0.001) (Figure  5a,b) . In contrast, NH4 + concentrations were higher at high discharge (NH4 + : 3.1 ± 2.0 μM) than baseflow (NH4 + : 0.6 ± 1.1 μM). Similar to the longitudinal pattern of DIC, river water NOx − levels showed an apparent increase when entering the alluvial plain (from 40.3 μM to 57.0 μM at high discharge and from 75.8 μM to 99.7 μM at baseflow) (Figure 4c ). In comparison with river water, groundwater had significantly higher NOx − values, especially within the shallow aquifer (Figure 5a ). Two extremely high NOx − values (708.2 μM and 734.5 μM) were observed in shallow groundwater. Nutrient loads: The loads of nutrients were calculated (concentrations × discharge) at the two gauging stations. Despite the differences in the nutrient concentrations between high versus low flows, the temporal variation in nutrient loads was driven primarily by water discharge. At high discharge, DIC loads were 1.9 × 10 6 kg/day and 3.4 × 10 6 kg/day at the Railway Bridge and Ban Bridge stations, respectively, which were about three times higher than the loads at baseflow (5.9 × 10 5 kg/day and 1.2 × 10 6 kg/day at the two stations, respectively) ( Figure 6 ). The loads of N-NOx and Porthophosphate at high discharge were higher by one order of magnitude, N-NOx − : 2.7 × 10 7 and 6.0 × 10 7 kg/day at the two stations vs. 4.0 × 10 6 and 2.9 × 10 6 kg/day; P-orthophosphate: 7.2 × 10 5 and 1.9 × 10 6 kg/day vs. 7.8 × 10 4 and 1.4 × 10 5 kg/day. By comparison, the N-NH4 + loads were higher by three orders of magnitude at high discharge (N-NH4 + : 1.7 × 10 6 and 6.6 × 10 6 kg/day vs. 7.2 × 10 3 and 8.2 × 10 3 kg/day). Spatially, all species showed increases from the Railway Bridge to Ban Bridge and hence a pattern of downstream accumulation ( Figure 6 ). Nutrient loads: The loads of nutrients were calculated (concentrations × discharge) at the two gauging stations. Despite the differences in the nutrient concentrations between high versus low flows, the temporal variation in nutrient loads was driven primarily by water discharge. At high discharge, DIC loads were 1.9 × 10 6 kg/day and 3.4 × 10 6 kg/day at the Railway Bridge and Ban Bridge stations, respectively, which were about three times higher than the loads at baseflow (5.9 × 10 5 kg/day and 1.2 × 10 6 kg/day at the two stations, respectively) ( Figure 6 ). The loads of N-NO x and P-orthophosphate at high discharge were higher by one order of magnitude, N-NO x − : 2.7 × 10 7 and 6.0 × 10 7 kg/day at the two stations vs. 4.0 × 10 6 and 2.9 × 10 6 kg/day; P-orthophosphate: 7.2 × 10 5 and 1.9 × 10 6 kg/day vs. 7.8 × 10 4 and 1.4 × 10 5 kg/day. By comparison, the N-NH 4 + loads were higher by three orders of magnitude at high discharge (N-NH 4 + : 1.7 × 10 6 and 6.6 × 10 6 kg/day vs. 7.2 × 10 3 and 8.2 × 10 3 kg/day). Spatially, all species showed increases from the Railway Bridge to Ban Bridge and hence a pattern of downstream accumulation ( Figure 6 ). 
Discussion
Sources of Dissolved Inorganic Carbon
The high DIC concentrations and δ 13 C-DIC values in the Heihe river water (Figure 3 ) indicate that carbonate mineral weathering was the primary source of DIC. The concentrations of HCO3 − typically ranges from around 0.125 mM for rivers draining only silicate rocks to about 3.195 mM for those draining only carbonate rocks [22] . Furthermore, the riverine δ 13 C-DIC values fell in the range for lithogenic carbonate (δ 13 C around 0‰) weathering by CO2 from C4 plants respiration (from −13‰ to −10‰) (Figure 3 ) [20] . C4 plants are adapted to arid environments because of the separation of light-dependent reactions and Calvin cycles, which minimizes photorespiration and increases photosynthetic water use efficiencies [23] . C4 plants (Equisetaceae, Compositae, and Purslane) were widespread in the Qilian Mountains, where δ 13 C values of soil organic matter (OM) averaged around −10‰, confirming the importance of C4 biomass contributions to the soil C pool in the upper river basin [24] . Carbonate rocks of the Tertiary and Cretaceous periods including dolomite, calcite, and aragonite were widely distributed in bedrocks and aquifers in both the upper and middle HRB basin [17, 25] . Our interpretation of DIC sources in the Heihe River is consistent with previous findings based on water oxygen and hydrogen isotopes, which showed precipitation and snowmelt runoff from the Qilian Mountains were the primary water source for surface water of the entire HRB [16, 26] .
In groundwater, there was a strong, negative correlation between DIC and δ 13 C-DIC (Figure 3 ), where deeper samples had higher DIC and lower δ 13 C-DIC values. This pattern indicates the importance of dedolomitization in groundwater increased with the depth, where more δ 13 C-enriched DIC precipitates out the solution [17, 25] . The net reaction is: CaMg(CO3)2 + CaSO4 2H2O(s) + H + = CaCO3(s) + Ca 2+ + Mg 2+ + SO4 2− + HCO3 − + 2H2O
(1)
In agreement with this process, groundwater samples fell near the theoretic dedolomitization trend line (Figure 7a ). The higher DIC and δ 13 C-DIC values in shallow groundwater than in river water indicate an additional source of DIC for shallow groundwater (Figure 3) . Based on the δ 13 C-DIC values, this source could be soil respiration (C4: from −13 to −10‰, C3: from −27 to −24‰) [1, 18] and/or lithogenic carbonate weathering with C3 soil CO2 (around −13‰). The latter is more plausible because of the importance of carbonate mineral solution in DIC production in groundwater, as evidenced by a significant correlation between Mg 2+ + Ca 2+ vs. DIC (τ = 0.72, p < 0.05, df = 8) in groundwater samples. As such, the greater DIC concentrations in shallow groundwater reflect the influence of irrigation flows, that is, enhanced mineral dissolution due to increased and repeated contact between irrigation water and minerals. 
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Mobilization and Accumulation of Dissolved Inorganic N and P Nutrients
The higher NOx − and orthophosphate concentrations of river water at baseflow than at high discharge indicate dilution effects from precipitation and overland runoff ( Figure 5 ). This pattern suggests that groundwater and subsurface, deep flows were an important source of these nutrients in the Heihe River. By comparison, river water NH4 + concentrations showed an opposite pattern, i.e., higher concentrations at high discharge, which suggests that overland flows carrying fertilizers accumulating at top farmland soils was the primary pathway of ammonium export.
The mobilization and accumulation patterns of nutrients provide insights into their transformation processes from topsoils to groundwater. Agricultural fertilizers have been extensively applied in the middle HRB over the past four decades, leading to significant increases in the concentrations of inorganic N and P nutrients in farmland soils [9] . Due to none to low precipitation in a large part of a year, the agricultural irrigation flow is the main pathway leaching nutrients from shallow soils to deeper, saturated groundwater zones. Previous studies relating groundwater age to nutrient concentrations found that intensive irrigation using river water and local groundwater accelerated downward transports of solutes from soils to aquifers within the basin [9] . During the process of downward percolation, labile ammonium is removed either through nitrification or direct microbial and plant uptake at topsoils [27] [28] [29] . As such, the export of ammonium was mainly controlled by short-lived storms flushing and leaching topsoils. On the other hand, NOx − levels in shallow groundwater became increasingly high as a result of the nitrification process. As for inorganic orthophosphate, it often has a low solubility in natural waters that varies largely with pH values. The lower orthophosphate concentrations in groundwater than in river water can be attributed to orthophosphate retention by soil minerals, a process that has been observed widely in soil profiles [30] . 
The higher NO x − and orthophosphate concentrations of river water at baseflow than at high discharge indicate dilution effects from precipitation and overland runoff ( Figure 5 ). This pattern suggests that groundwater and subsurface, deep flows were an important source of these nutrients in the Heihe River. By comparison, river water NH 4 + concentrations showed an opposite pattern, i.e., higher concentrations at high discharge, which suggests that overland flows carrying fertilizers accumulating at top farmland soils was the primary pathway of ammonium export. The mobilization and accumulation patterns of nutrients provide insights into their transformation processes from topsoils to groundwater. Agricultural fertilizers have been extensively applied in the middle HRB over the past four decades, leading to significant increases in the concentrations of inorganic N and P nutrients in farmland soils [9] . Due to none to low precipitation in a large part of a year, the agricultural irrigation flow is the main pathway leaching nutrients from shallow soils to deeper, saturated groundwater zones. Previous studies relating groundwater age to nutrient concentrations found that intensive irrigation using river water and local groundwater accelerated downward transports of solutes from soils to aquifers within the basin [9] . During the process of downward percolation, labile ammonium is removed either through nitrification or direct microbial and plant uptake at topsoils [27] [28] [29] . As such, the export of ammonium was mainly controlled by short-lived storms flushing and leaching topsoils. On the other hand, NO x − levels in shallow groundwater became increasingly high as a result of the nitrification process. As for inorganic orthophosphate, it often has a low solubility in natural waters that varies largely with pH values. The lower orthophosphate concentrations in groundwater than in river water can be attributed to orthophosphate retention by soil minerals, a process that has been observed widely in soil profiles [30] .
Hydrological Controls on Riverine Transport of Dissolved Inorganic C, N, and P
River Discharge Controls on Nutrient Export
We evaluated the importance of storm flows vs. baseflow in nutrient export in the HRB. Because of large differences in river discharge between storm vs. dry seasons (Figure 2) , temporal changes in the watershed export of each nutrient was driven largely by discharge ( Figure 6 ). As such, we extrapolated the load calculation to the full year, with the assumption that the concentrations measured in the present study represent typical storm flow and baseflow values for the year 2013 (Figure 8 ). High discharges (discharge >10 m 3 /s for Railway Ridge and >20 m 3 /s for Ban Bridge) associated with precipitation intensity >10 mm were selected to represent storm flows. We estimated that storm events, although occurring on only about 40 days in the year 2013, accounted for a disproportionally substantial fraction of annual nutrient exports, i.e., >60% of the annual loads for DIC, >90% for ammonium, >50% for NO x − , and >40% for orthophosphate. These data show the importance of storm events, although infrequent, in transporting nutrients from soils to the river within the HRB. A similar pattern has been widely observed in streams and rivers in humid and arid regions [2, 31] , demonstrating the importance of hydrological events in mobilizing C, N, and P from land to lotic ecosystems.
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Groundwater Discharge Controls on River Water DIC and NOx −
The longitudinal changes in river water DIC and NOx − concentrations reflect the influence of strong interactions between river water and shallow groundwater along the middle reach. The sudden changes across the alluvial fan-alluvial plain boundary (Figure 4) can be explained by an increase in the proportion of shallow groundwater discharging to river water when the river exited the alluvial fan. As discussed in the previous sections, shallow groundwater (<50 m) in the alluvial plain had higher DIC and NOx − concentrations and lower δ 13 C-DIC values than that of river water due to fertilizer applications and irrigation flows. The alluvial fan was characterized by deep groundwater (>200 m at the upstream section and about 50-200 m at the central section) with the aquifers recharged by the river. The alluvial plain, however, had a much shallower groundwater table (<10 m near the river and overall shallower than 50 m) with the river gaining water from groundwater [16, 26, 32] . This boundary thus represents a transition point for surface watergroundwater interactions and subsequently an increase in the input of nutrients from groundwater to the river. The longitudinal changes in river water DIC and NO x − concentrations reflect the influence of strong interactions between river water and shallow groundwater along the middle reach. The sudden changes across the alluvial fan-alluvial plain boundary (Figure 4) can be explained by an increase in the proportion of shallow groundwater discharging to river water when the river exited the alluvial fan.
As discussed in the previous sections, shallow groundwater (<50 m) in the alluvial plain had higher DIC and NO x − concentrations and lower δ 13 C-DIC values than that of river water due to fertilizer applications and irrigation flows. The alluvial fan was characterized by deep groundwater (>200 m at the upstream section and about 50-200 m at the central section) with the aquifers recharged by the river. The alluvial plain, however, had a much shallower groundwater table (<10 m near the river and overall shallower than 50 m) with the river gaining water from groundwater [16, 26, 32] . This boundary thus represents a transition point for surface water-groundwater interactions and subsequently an increase in the input of nutrients from groundwater to the river.
Within the alluvial plain, the longitudinal variability in riverine DIC and NO x − continued to be mediated by the variability of groundwater discharging to the river. This is evidenced by a negative correlation in river water between δ 13 C-DIC values versus Ca 2+ + Mg 2+ concentrations (τ = −0.48, p < 0.001, df = 33) as well as a positive correlation between NO x − versus Ca 2+ + Mg 2+ (τ = 0.40, p < 0.001, df = 32). Furthermore, δ 13 C-DIC negatively correlated with NO x − (τ = −0.54, p < 0.001, df = 33). Given that shallow groundwater samples had higher Ca 2+ + Mg 2+ concentrations than the river water, these patterns show that shallow groundwater acted as an important source of DIC and NO x − for the river water within the alluvial plain. This finding is not surprising as a number of studies have observed frequent surface water-groundwater interactions naturally occurring within the alluvial plain and that this process has been further enhanced by irrigation return flows in recent years [9] .
Water Source Mixing Analysis
Our data, along with previous studies in the HRB, have shown that groundwater-surface water interactions play a pivotal role in nutrient variability in the middle HRB. Assessing the magnitude of surface water-groundwater interactions is important in establishing a sustainable water management plan for the HRB. Previous studies mostly used 18 O as the water source tracer, which yielded results showing that groundwater contributions to the river water were spatially variable along the middle reach, increasing from 20% to 45% at Gaoya (about 50 km downstream from the mountain exit) to >50% at Gaotai (about 120 km downstream) [16, 18] .
In the present study, we used δ 13 C-DIC and Cl − concentrations as tracers in a two end-member mixing calculation to quantify groundwater contributions to the river [33, 34] . Although biogeochemical processes may alter δ 13 C-DIC (e.g., CO 2 degassing, OM oxidation) [2, 35] , the use of δ 13 C-DIC and the mixing calculation to reflect water sources was based on four considerations: (1) δ 13 C-DIC showed a strong linear correlation with Cl − in river water in the alluvial plain (τ = −0.56, p < 0.001, df = 32) and Cl − has been commonly used as a conservative tracer for water sources [36, 37] ; (2) river water and shallow groundwater in the alluvial plain fell on a linear mixing line based on δ 13 C-DIC vs. Cl − ( Figure 7b) ; (3) there were distinct differences in δ 13 C-DIC values between shallow groundwater versus river water at the mountain exit ( Figure 7b) ; and (4) groundwater contribution appeared to be the primary control on the spatial variability in riverine DIC sources within the alluvial plain (as discussed in Section 4.3.2).
We quantified the relative contributions of groundwater to river water in the alluvial plain using a two end-member mixing model as follows:
where f denotes the fractions of each water mass and footnotes 'r', 'up', and 'g' represent river water, upstream water, and shallow groundwater in the alluvial plain, respectively. The groundwater end-member was determined in the present study, for which the mean values of shallow groundwater (<50 m) within the alluvial plain were used (i.e., −9.3‰ for δ 13 C g and 106.8 mg/L for [Cl − ] g ). The upstream end-member values (δ 13 C up and [Cl − ] up ) and corresponding fractions (f up and f g ), were unknown. In order to solve these underdetermined equations (three equations with four unknowns), the following conditions were used to constrain the unknowns:
0 < f g < 1;
0 < f up < 1;
e., the minimum [Cl − ] concentration for river water in the alluvial plain); 0 > δ 13 C up > −3.5‰ (i.e., the maximum δ 13 C-DIC value for river water in the alluvial plain). The equations were solved through substitution which yielded a range for f g values at both high and low discharges (Table 1) . Figure 1 .
Our results were largely consistent with those calculated from δ 18 O [16, 18] , showing higher values of f g at baseflow than at high discharge as well as an increasing trend in the contributions of groundwater as the river flowed downstream (Table 1 ). Compared to the literature values estimated using δ 18 O, our results had lower values, which could be due to uncertainty associated with end-member value assignment (e.g., shallow groundwater were sampled from different wells between this study vs. previous studies) and intrinsic limitations for each tracer. In particular, δ 13 C-DIC could become more positive by degassing and microbial uptake, which would lead to underestimation of groundwater contributions. Additionally, groundwater end-member values were determined only during the sampling campaign in July, as previous studies show that groundwater geochemical characteristics do not show evident seasonal variations within HRB [16, 18, 38] .
Conclusions and Implications for HRB Watershed Management
Understanding fundamental ecosystem processes linking terrestrial and aquatic ecosystems is critical to establishing sustainable management practices in agricultural basins. Our study site is a large, economically important agricultural basin in arid northwestern China. Past management practices in the basin focused mostly on optimizing water storage and appropriation to meet the needs for agricultural water use. It was only recently that preserving water quality and the river ecosystem itself has been integrated into regulatory goals. This initiative requires a better understanding of biogeochemical dynamics of C, N, and P nutrients within the basin. The present study provided the first thorough assessment of nutrient variation in the river and groundwater in the middle HRB, yielding major findings:
(1) Lithogenic carbonate weathering is the primary source of DIC in the river water and groundwater. (2) Discharge exerted an important control on the amount, source, and flowpath of inorganic C, N, and P mobilized from soils to the river in the middle basin. The majority of ammonium was transported from soils to the river by storm flows, whereas the other nutrients were mobilized through both storm flows and groundwater flows. (3) Compared with river water, shallow groundwater showed higher DIC concentrations, more negative δ 13 C-DIC values, and higher NO x − concentrations. This character reflects enhanced carbonate weathering and NO x − accumulation in shallow aquifers due to irrigation practices and fertilizer applications within the middle basin. (4) The DIC, NO x − -rich shallow groundwater served as a source of nutrients for the Heihe River, whereby the discharge of groundwater into the river regulated the longitudinal variation in DIC and NO x − along the river reach within the alluvial plain. This is because groundwater makes up a significant contribution to river water. The source mixing analysis based on δ 13 C-DIC and chloride shows that groundwater accounted for 9-34% at high discharge and 39-60% at baseflow.
Our data have two important implications on HRB watershed management. First, hydrological events that occur for only a brief period of a year (about 10% of the days) were a main driver of the watershed export of inorganic C, N, and P to the Heihe River. Hence, future regulatory efforts in reducing nutrient loss from soils should place priorities on mitigating runoff from agricultural fields in storm seasons (i.e., June to August). Second, the values of inorganic N and P nutrients in river water and groundwater observed in the present study are largely comparable to those reported in other large arid river basins, such as the San Joaquin River in California [39] , the Murray River in Australia [40, 41] , and the Tigris River in Turkey [42] . These rivers have been all extensively exploited to support agricultural water use, where a significant fraction of river flows (up to 80%) can be diverted for irrigation. Another common feature is that river water and groundwater are well connected hydraulically because of local geology (e.g., gravels and sands dominate the river beds), enabling nutrient exchanges among irrigation water, groundwater, and surface water.
We observed NO x − accumulation in shallow aquifers in the middle HRB, which is concerning and warrants immediate regulator attention. It should be noted that it is a common practice for local farmers drilling shallow wells to acquire water not only for irrigation but also for drinking and other household activities. Some of the shallow groundwater samples showed concentrations near the threshold values set by the world health organization (WHO) for healthy drinking water, which is 178 µM for N-NO 3 − concentration [43] . Another potential issue is that N-NO 3 − concentrations in the Heihe river water have exceeded the level with a considerable potential leading to eutrophication (21 TN µM with nitrogen as the limit factor and 3 TP µM with phosphorus as the limit factor) [44] . For the time being, eutrophication seems unlikely for the river itself, because turbidity is usually high and limits autochthonous production. However, our data show nutrient accumulation as rivers flow downstream, which likely leads to eutrophication in the two terminal lakes in the foreseeable future. For the time being, the lakes are intermittent, due to high amounts of river water being diverted and stored for agricultural needs. Current regulatory efforts are on the way of restoring them to perennial lakes with a more stable ecosystem, when they would be more susceptible to nutrient pollution and eutrophication. Imposing stricter regulations of fertilizer applications and nutrient pollution is, hence, needed to restore groundwater quality and maintain river and lake ecosystems within the HRB.
